The flowers of Marantaceae (~550 species) exhibit a highly derived pollination mechanism within Zingiberales, with a rapid and irreversible style movement based on a close synorganization of different floral parts. Given the complexity of the structure, we assume that little variation is possible if functionality is to be maintained. To test this, we investigated how much floral diversity exists in the clade and whether this diversity potentially influences the breeding system and placement of pollen on the pollinator. Flowers of 66 species covering the five major phylogenetic clades of the family were analysed. All species are similar in their basic flower construction: the fleshy staminode forms the tunnel-shaped roof of the flower and narrows the tube with stiff swellings, and the hooded staminode holds the style under tension and narrows the flower entrance with its trigger appendage. Despite morphological diversity of the pollination apparatus, functionality is maintained by coordinated variation of the fleshy and hooded staminodes. Autogamy is usually avoided by herkogamy. However, in a few exceptions, subtle morphological changes alter the breeding system from allogamy to autogamy. Variable floral proportions allow for differential pollen deposition potentially causing mechanical isolation between sister taxa. This study clearly illustrates that structural variation is not only present in the highly synorganized flowers of Marantaceae, but that it also creates potentially new options for evolutionary diversification.
INTRODUCTION
The term synorganization was introduced by Remane (1956) and refers to the interaction of individual parts of an organism to form a functional unit. In zoophilous flowers, the process of pollen transfer is optimized by a strong synorganization of the floral elements. Their specific shaping can result from co-evolution with specific pollinators (Leppik, 1969; Goldblatt, Manning & Bernhardt, 1995; Weiblen & Bush, 2002; Pellmyr, 2003) . In such flowers, changes to their morphology may profoundly affect the 'fit' of the flower to the pollinator and thus successful pollen transfer. The highly derived flowers (see Kress, 1990 ) of Marantaceae are striking examples of synorganized units (Claßen-Bockhoff & Heller, 2008a) . As their explosive mechanism allows only a single pollination event (Kunze, 1984; Kennedy, 2000) , the process of pollen transfer needs to be precise (Claßen-Bockhoff, 1991; Locatelli, Machado & Medeiros, 2004) .
The flowers of Marantaceae (550 species; Andersson, 1998) differ from other Zingiberales (Kress, 1995) by having one or two outer staminodes plus three highly modified structures in the inner androecial whorl: a single fertile monothecate anther, a sterile fleshy (callose) staminode and a hooded (cucullate) staminode (Fig. 1) . The explosive pollination mechanism is based on an intimate relationship between these two inner staminodes and the style. Specifically, the style and theca are enveloped by the hooded staminode. A few hours before anthesis, pollen is squeezed out of the theca by the elongating style and deposited onto the pollen plate at the back of the style head. Here, it is secondarily presented in the adult flower (Claßen-Bockhoff, 1991; Yeo, 1993) . Because of the subsequent differential growth between the hooded staminode and the style, the style is set under tension (Pischtschan & Claßen-Bockhoff, 2008 ). This tension is only released through the deflection of the trigger appendage, a lateral formation of the hooded staminode ('trigger' see Kunze, 1984; Claßen-Bockhoff, 1991) , whereby the style springs forward immediately. During this movement cross-pollen is scraped from the pollinator by the stiff margin of the style head into the stigmatic cavity and self-pollen is subsequently transferred onto the insect or bird (for illustration see Ley & Claßen-Bockhoff, 2009) . A bulge of sticky glandular material between the pollen plate and stigmatic cavity serves to stick the pollen grains onto the pollinator (Claßen- Figure 1 . Flower morphological structures and measurements exemplified by Marantochloa purpurea. Length measurements: a, length of fleshy staminode (fs); b, length of hooded staminode (hs, dark grey); c, difference in length between fs and the complex of style (st, light grey) and hs; x, distance between trigger tip and distal end of hs; y, distance between trigger tip (cross) and floral entrance (floral entrance defined as distal end of fs). n, nectar (hatched); os, outer staminode; p, petal; s, sepal; ss, stiff swelling; t, fertile theca; ta, trigger appendage; z, floral tube formed by congenital fusion of all organs except the sepals; constriction of floral tube in large flowering Marantochloa species (black arrow). Bockhoff, 1991; Yeo, 1993) . The movement is irreversible and one of the fastest known in the plant kingdom (~0.03 s, Thalia geniculata L., see Claßen-Bockhoff, 1991; Skotheim & Mahadevan, 2005) . Autogamy is generally avoided by spatial separation (herkogamy), as the stigmatic cavity is located opposite the pollen plate. However, there are exceptions and Kennedy (2000) estimated the portion of autogamous species in the Marantaceae to be 8%.
Comparative morphological studies of the hooded staminode in Marantaceae by Pischtschan, Ley & Claßen-Bockhoff (2010) revealed an unexpectedly high degree of variation in trigger appendages and overall staminode morphology described as ten different types of trigger appendages (Fig. 2) . They range from long horizontally arranged appendages (e.g. sword type) to short vertical forms emerging from proximal (e.g. door type) or distal (e.g. thumb type) positions at the abaxial side of the hooded staminode. They are broad and flat (e.g. cushion type) or long and thin with an additional second appendix of equal morphology (e.g. tentacle type), short, stout and pointed (e.g. spoon and thumb types) or long and slender (e.g. sword type). Beyond the trigger appendage and basal plate, the hooded staminodes vary in the presence/absence of additional swellings, lateral and frontal lobes.
In view of this diversity in trigger appendages, we question how the functionality of the explosive pollination mechanism is maintained and to what extent variation might influence the site of pollen deposition on the pollinator and the degree of allo-and autogamy. Specifically, we investigate the variable proportions of the floral parts and reconstruct their synorganization and the process of pollen transfer.
MATERIAL AND METHODS

STUDY MATERIAL, ONTOGENETIC STUDIES AND IDENTIFICATION OF THE PRESSURE POINT
The present study is based on a morphological analysis of 66 taxa of Marantaceae covering 22 of the currently 28 recognized genera (not included: Table 1 ). The ontogeny of fleshy staminodes in 25 species of 18 genera was studied to complement work on the hooded staminode by Pischtschan et al. (2010) (Table 1) .
In flowers of Marantochloa congensis (K.Schum.) J.Léonard & Mullend. and Thalia geniculata L., the position of the pressure point was identified under a binocular microscope by removal of the hood of the hooded staminode. The pressure point is important for the functioning of the explosive pollination mechanism.
QUANTITATIVE AND QUALITATIVE ASSESSMENT OF FLORAL PARTS INVOLVED IN THE POLLINATION MECHANISM
A data set was established for all species, including six quantitative and 12 qualitative flower morphological characteristics (Table 2) . Digital documentation (Nikon Coolpix 995) of floral morphology was undertaken on fresh and fixed (70% ethanol) material.
FLORAL STRUCTURE, RECONSTRUCTED POLLEN TRANSFER AND FRUIT SET IN AUTOGAMOUS SPECIES
To elucidate the influence of floral organ shape on the breeding system, i.e. its influence on the shift from allogamy to autogamy, the floral structure of four autogamous species were analysed in detail and compared with their phylogenetically close allogamous relatives: Halopegia azurea K.Schum., Maranta noctiflora Regel & Körn., Marantochloa leucantha (K.Schum.) Milne-Redh. and Pleiostachya pruinosa K.Schum. To identify the floral stage at which pollen grains were deposited in the stigmatic cavity and its pathway, buds (~10 buds per species) were investigated immediately after pollen transfer from the theca onto the pollen plate (stage 1). Open flowers (approximately ten flowers per species) were analysed before (stage 2) and after (stage 3) manual style release. Finally, untreated flowers were investigated after the natural self-triggering of the style (stage 4). To test for self-compatibility and to determine the ratio of selfed flowers to the development of mature fruits, fruit-set was documented on five bagged inflorescences of Maranta noctiflora, Marantochloa leucantha and Pleiostachya pruinosa in the greenhouse at Mainz University (Germany) and compared with the data collected in Gabon on Halopegia azurea (Ley, 2008: 45.3% , N = 267) and in Costa Rica on Pleiostachya pruinosa (Claßen-Bockhoff & Heller, 2008a: 11.4% , N = 500).
RESULTS
FLORAL SYNORGANIZATION IN MARANTACEAE
All investigated flowers share a similar overall morphology and synorganization with respect to the two staminode organs of the inner androecial whorl and the style. However, they vary considerably in their shape (see Appendix Figs A1-A5), influencing the basic pollen transfer mechanism to varying degrees.
The style and its synorganization with the hooded staminode Our comparative analysis confirms the common description that the style is composed of three congenitally fused carpels distally forming an asymmet- (Pischtschan et al., 2010) , geographical distribution (Andersson, 1998) , breeding system and pollen deposition sites (original data) in Marantaceae (phylogenetic tree with bootstrap supports after Prince & Kress, 2006 , considering taxonomic changes according to Suksathan, Gustafson & Borchsenius, 2009 and Ley & Claßen-Bockhoff, 2011b ric 'head' that stands at a 90°angle to the rest of the style and incorporates the stigmatic cavity (Fig. 4: sc) . The latter is surrounded by three generally welldistinguishable stigmatic lobes (I-III). The style head bears a slightly abaxially inclined pollen plate (pp) at its back. On the pollen plate few (e.g. approximately six in Sarcophrynium brachystachyum K.Schum.) to several hundred (e.g. Marantochloa grandiflora Ley) pollen grains are secondarily presented for the transfer onto the pollinator via the explosive movement of the style. The high upper rim (ur) formed by the stigmatic lobes around the stigmatic cavity and the bulge of glandular secretion (gl) generally keep selfpollen away from the stigmatic cavity.
Morphological and functional diversity originates from: (1) the shape of the stigmatic cavity, which varies from being small, deep and round (Fig. 5B ) to large, flat and more triangular (Fig. 5C ), plus the stigmatic lobes which may be free from each other ( Fig. 5C: 3 straight into a distal direction and is surrounded by lateral ridges. However, irrespective of this diversity, pollen grains are always deposited in the middle of the pollen plate and covered by the hooded staminode. The lower side of the style head often exceeds the pollen plate (Figs 4, 5A , B, D: black arrow) and marks the most distal point of the style in the flower (Fig. 6 ). This point plays an important role in the set-up of tension as it represents the pressure point of the explosive mechanism in the flower. Here, the style head is tightly enveloped by the hood of the hooded staminode and only a slight alteration of the relative position of the two organs at this point leads to the excitation of the mechanism. The local restriction of the pressure point was demonstrated by the removal of large parts of the hood without release of the mechanism. In Donax canniformis K.Schum. the pressure point is clearly visible from above as the hood is open in this species because of an upright standing rim (Fig. 7A, B) .
In general, the tissue of the hooded staminode is rather thin except at the characteristic swelling of the basal plate. In Haumania and the members of the Sarcophrynium and Calathea clades, however, it has an additional lateral swelling alongside the style (Appendix Figs A1 IC, A2 IC-IIIC: ls), which causes a Table 3 ). Style head indicated by arrow.
sidewards shift of the style and an increased tension in the unreleased flower. This not only results in the rapid style movement but also in the rapid backwards bending of the hooded staminode after excitation. The curling-in movement of the style is usually upwards; only in Thalia does it follow a spiral course. There is no pattern in the degree of bending (Table 3) . It is lowest in Marantochloa filipes (Benth. & Hook.f.) Hutch. (Fig. 3: 0) , in which the style head only slightly separates from the hood. In the remaining species, the style bends much further, usually coming to rest inside the floral tube ( Fig. 3: 1-3 ). In Hypselodelphys (K.Schum.) Milne-Redh., the curled style is slightly deflected to the abaxial side of the floral tube by the stiff swelling of the fleshy staminode (Appendix Fig. A1 IID: pss). Thereby, the passage to the nectar remains open. In contrast, in Haumania J.Léonard, the released style totally obstructs the floral entrance. In this species, the lower style side colours black after excitation, which is visible from outside. In M. cuspidata (Roscoe) Milne-Redh. and M. cordifolia (K.Schum.) Koechlin, the style is much longer than the fleshy staminode so that it curls in front of the floral entrance in M. cuspidata and hits against the upper roof of the fleshy staminode in M. cordifolia.
The fleshy staminode and its synorganization with the complex of style and hooded staminode
The fleshy staminode is always located opposite to the complex of style and hooded staminode. It forms the roof of the floral tube ( Fig. 1: fs) , which is generally narrow and prevents insect pollinators from introducing their whole head into the tube. The fleshy staminode has a stiff nature reinforced by the interior swelling, which is formed by a secondary outgrowth. It is usually located lateral to the midrib and leaves the basic vascularization of the fleshy staminode unaltered. The swelling is only innervated if it is large (Fig. 8E) . The swelling can be bipartite (Fig. 8A-F ) with a distal (dss) and a proximal part (pss), or simple, exhibiting a long and elongated form (Fig. 8G: sss) . In the first case, the proximal swelling can occasionally be so pronounced that with the distal swelling it forms a separate compartment within the floral tube ( Fig. 8A: co) . The stiff swelling is always located opposite the trigger appendage of the hooded staminode (Fig. 9) , which forces pollinators to always deflect the trigger appendage and thereby excite the explosive pollination mechanism before reaching the nectar at the base of the flower.
Five types of synorganization can be recognized with respect to the diversity of hooded and fleshy staminodes ( Fig. 9 ): (I) trigger appendage (ta) located opposite the proximal swelling (pss); (II) ta located between the distal (dss) and proximal stiff swellings; (III) ta opposite to dss; (IV) ta in front of the fleshy staminode; and (V) ta opposite to a single long stiff swelling.
The fleshy staminode as a whole is either as long as (Fig. 9A) or shorter than the complex of style and 
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Figure 5. Morphological diversity of style heads in selected African Marantaceae. A, Sarcophrynium prionogonium with a semicircular outgrowth at its adaxial side (white arrow) and a pronounced base (black arrow). B, Ischnosiphon helenae with an elongated style head and a prominent base (arrow). C, Hylaeanthe hoffmannii with a lateral outgrowth (arrow). D, Stachyphrynium latifolium with a pointed base of the style head (arrow). E, Marantochloa cordifolia. F, Marantochloa filipes with a stepped pollen plate (arrow). 1, adaxial view (trigger side); 2, abaxial view (anther side); 3, top view. White circles, pollen grains; gl, gland; sc, stigmatic cavity; I-III, stigmatic lobes. hooded staminode (Fig. 9B, C; comp. also Appendix Figs A1 IIC: differential length, A3 IIC: equal length). This variability has consequences for the site of pollen deposition onto the pollinator.
In the first case, pollen is deposited on the mouthparts of the pollinator as the style moves inside the narrow floral tube where the insect head cannot reach (Fig. 9D: mp, e.g. species of spoon, ear, lever types; Table 3 ). If the trigger is close to the floral entrance ( Fig. 9A trigger positions II and III), pollen deposition is most likely on the distal part of the mouthparts (Fig. 9D: mp) , whereas, if the trigger is deep in the floral tube (Fig. 9A trigger position I) , pollen might be deposited more closely to the proximal part of the mouthparts (Fig. 9D: mp ). An exception may be represented by the pollinator Thrinchostoma bicometes. These insects have an extremely narrow and elongated front part of the head (see Ley & Claßen-Bockhoff, 2009 ), which possibly penetrates into the floral tube and thus leads to a pollen deposition into the proboscidial fossae (e.g. in Halopegia azurea).
In the second case, the complex of style and hooded staminode exceeds the length of the fleshy staminode (Fig. 9B, C) . Therefore, pollen will be deposited either onto the mouthparts or underneath the head (Fig. 9D:  mp, pf) , dependent on the distance between trigger appendage (Fig. 9B, C) and floral entrance and on the length of the mouthparts of the pollinators.
Variation in the floral tube
In the proximal part of the flower, all organs except the sepals are congenitally fused (see Fig. 1: z) . This part differs in length between species, ranging from a few millimetres to several centimetres. Here, the style is generally extremely thin, merging into the tube, and the stiff swelling of the fleshy staminode is rather faint or even absent, increasing the possible storage space for the nectar (compare Appendix Figs A1 to A4: C). In Maranta arundinacea L. and M. noctiflora Regel & Körn., the floral tube is slightly twisted around its longitudinal axis and, in all large flowered species of Marantochloa, there is a characteristic constriction in the proximal part of the floral tube (Fig. 1, arrow) .
POLLEN TRANSFER IN AUTOGAMOUS SPECIES
We illustrate mechanisms of self-pollen transfer in four autogamous species. Although self-pollination is usually prevented, modifications of the shape and relative position of the style head allow the transfer of self-pollen into the stigmatic cavity in a few species:
Pleiostachya pruinosa (Calathea clade, Fig. 10A ) In the Calathea clade, the stigmatic lobes are fused, forming a circular upper rim at the entrance to the Table 2 ; measurements in 2-6 are means ± standard deviation. Grey shading indicates complex of style and hooded staminode longer than fleshy staminode. na, not applicable; nd, no data; red., reduced; ten., tentacle type.
stigmatic cavity. The style head has a prominent base and the hooded staminode is rather stiff with a trigger appendage in front of the floral entrance (Appendix Fig. A2 II, III) . Pleiostachya pruinosa differs from its allogamous sister species in the specific arrangement of the hooded staminode around the style head. The hood is not closely associated with the pollen plate and a triangular space is present behind the pollen plate ( Fig. 10A ; compare Appendix Fig. A2 IIA-C). Furthermore, the frontal lobe (Fig. 10A, fl) only loosely covers the stigmatic cavity and only a small amount of exudate is produced by the gland, leaving enough space for the pollen grains to be squeezed over the rim (ur) into the stigmatic cavity, whereby the uppermost grains adhere to the underneath of the frontal lobe ( Fig. 10A: fl) . During the rapid style bending after excitation, the stigmatic cavity moves upwards, sliding along the frontal lobe and scraping off the deposited self-pollen grains. The style head finally hits the style in its proximal part. In this process, the distal rim of the stigmatic cavity is deformed and additional self-pollen grains are pushed inside the stigmatic cavity. In contrast to its close relatives, P. pruinosa needs no external stimulus to release the style movement, but does it autonomously during the process of floral wilting in the afternoon. In all randomly selected flowers (N = 10), self-pollen grains were found in the stigmatic cavity, indicating the potential for selfpollination. However, fruit-set reached only 28.29% (N = 516) (see also Claßen-Bockhoff & Heller, 2008a: 11.4% ; N = 500). It was observed that only one fruit developed per bract. Fig. 10B ) In Maranta, the hooded staminode is rather soft, with a large trigger appendage located in the floral tube. The style head shows three partially free and thus easily distinguishable stigmatic lobes (Appendix Fig. A4 IIIC) . Maranta noctiflora differs from its relatives by the arrangement of the hood around the style head. A unique small 'tunnel' across the rim of the stigmatic cavity allows single self-pollen grains to be squeezed (white arrow) into the stigmatic cavity already in the bud, caused by the counter pressure of the hood ( Fig. 10B; Appendix Fig. A4 IIIA) . Thus, in contrast to P. pruinosa, pollen grains are already located in the stigmatic cavity before style release. Additional self-pollen grains adhere to the underneath of the frontal lobe and are carried along during the autonomous style bending. Consequently, in all flowers examined shortly before anthesis (N = 12) and after style movement (N = 15), pollen was found in the distal part of the stigmatic cavity. Fruit-set again reached only 30.54% (N = 275). Several fruits developed per bract. Fig. 10C ) Halopegia azurea represents a further species with an obligate self-release of the style. This release is additionally enforced by an upwards movement of one of the outer staminodes, which consequently pushes the complex of style and hooded staminode towards the floral base and thereby closes the flower entrance. Halopegia azurea differs from all other Marantaceae in its unique style head with a triangular pollen plate and an extremely low rim at the proximal side of the stigmatic cavity. The bipartite swelling of the fleshy staminode forms a separate compartment (co) in which the style head fits exactly. After release, the pollen plate beats against the fleshy staminode and self-pollen grains are pushed from the pollen plate towards the proximally lowered rim (Fig. 10C: white arrow) into the stigmatic cavity. Thereby, the first pollen grains slide into the stigmatic cavity allowing self-pollination. Pollen grains were always found in stigmatic cavities of released styles. Fruit-set reached 45.3% (N = 267) in bagged inflorescences in Gabon with up to two one-seeded fruits per bract (Ley, 2008) . Fig. 10D; Appendix Fig. A5 IIIA, B) All small-flowered Marantochloa spp. are characterized by a single stiff swelling of the fleshy staminode, Figure 10 . Pollen transfer in autogamous species. A, Pleiostachya pruinosa. Pollen grains are allowed to slide (white arrow) over the upper rim (ur) of the stigmatic cavity as the hood does not tightly close this passage. B, Maranta noctiflora. Pollen grains are pushed over the upper rim of the stigmatic cavity through a narrow 'tunnel' (tu) formed by the hooded staminode (white arrow). C, Halopegia azurea. Pollen grains are pushed over the lowered proximal upper rim (white arrow) of the stigmatic cavity when the style head hits (black arrows) against the fleshy staminode within the separate compartment (co) formed by the stiff swelling (ss). D, Marantochloa leucantha. Pollen grains are pushed over the distal upper rim of the stigmatic cavity (white arrow) when the style head hits (black arrows) against the fleshy staminode. fs, fleshy staminode hs, hooded staminode sc, stigmatic cavity st, style ta, trigger appendage. Black arrows indicate the movement of the style head. a proximally positioned trigger appendage and a small basal plate. Variation can be found in the frontal lobe of the hooded staminode that covers the stigmatic cavity (Appendix Fig. A5 II-IV) . In M. leucantha, however, the stigmatic cavity is completely covered, a space is present between the upper rim of the stigmatic cavity and the hood of the hooded staminode (Appendix Fig. A5 IIIA, B ; compare with IIA, B and IVA, B). Less glandular secretion is present than in other Marantochloa spp., and the pollen plate is rounded with its upper part bent slightly inwards (Appendix Fig. A5 IIIB) . After pollen transfer to the pollen plate in the late bud stage, the ongoing pressure of the elongating style pushes self-pollen towards the upper rim (Appendix Fig. A5 III: arrow) , which forces pollen grains below the frontal lobe without entering the stigmatic cavity. During the style movement, the stigmatic cavity touches the frontal lobe first before hitting the stiff swelling of the fleshy staminode ( Fig. 10D : black arrows), thereby pressing pollen grains into the stigmatic cavity ( Fig. 10D : white arrow), resulting in self-pollination. Pollen grains were never found in stigmatic cavities of unreleased flowers. All untreated flowers (N = 40) were found to be self-triggered in the evening. Fruit-set reached 31.16% (N = 215), with one to two fruits per flower pair.
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DISCUSSION
Morphological comparison of species across Marantaceae reveals that, despite considerable diversity in the floral parts, the general organization ('Bauplan') is similar in all species. All flowers correspond in the basic form and function of the tensioned style, the fleshy staminode with a stiff swelling and the hooded staminode with the trigger appendage. They also correspond in the existence of a 'pressure point', which is described here for the first time. This pressure point is essential for the set-up of mechanical tension in the style and defines the site where the style head presses against the hood. The identification of such a minute contact area explains both the ease with which the style movement is released and the possible removal of large parts of the hood without releasing the style.
Flowers, however, vary in the relative proportions of their parts. Although changes in, for example, the specific shape of the trigger appendage and the size and symmetry of the surrounding lobes of the fleshy staminode appear to have no functional importance (e.g. compare Kennedy, 2000; Locatelli et al., 2004; Claßen-Bockhoff & Heller, 2008b; Ley & Claßen-Bockhoff, 2009 ), other changes (even minute ones, e.g. form and position of the pollen plate, coverage of the hooded staminode around the style head, relative length of the fleshy staminode) have significant consequences for sexual reproduction of the plant (allogamy vs. autogamy) and even speciation (mechanical isolation). In other cases again, there is variation, but the existing function is maintained through a coordinated variation of different floral parts (e.g. fleshy and hooded staminodes).
MAINTENANCE OF SYNORGANIZATION AND FUNCTION BY COORDINATED VARIATION
Of prime importance for the functioning of the explosive pollination mechanism in Marantaceae is the precise synorganization of trigger appendage and stiff swelling of the hooded and fleshy staminodes. However, it is the trigger appendage especially in which the most striking variation is found (Pischtschan et al., 2010) . It would therefore be expected that, to guarantee style release, a precise matching between trigger appendage (hooded staminode) and stiff swelling (fleshy staminode) would be present, with a comparably high diversity in the fleshy staminodes. However, only two types of stiff swellings were identified that differed in the presence of only one longitudinal swelling or a bipartite one with a distal and a proximal swelling. The stiff swellings were combined with the different trigger appendages in various ways, but always served to narrow the floral tube in such a manner that the trigger appendage needed to be deflected by the pollinator. Precision is thus not based on two highly specialized staminodes, but on the synorganization of one highly diverse (hooded staminode) and one less variable (fleshy staminode) element. This might in turn explain the great variation found in the overall morphology of the trigger appendage despite the apparent strong selection pressure on precision. Thus, changes in a given trigger appendage will not immediately interrupt the functioning of the explosive pollination mechanism, as they are compensated by the broad functional amplitude of the stiff swelling. For this reason, new variants can be maintained and occasionally develop towards a new type of trigger appendage.
One exception to the general rule of close synorganization between the trigger appendage and the fleshy staminode has been found in a few Calathea spp. Here, the trigger appendage is positioned in front of the floral entrance and far from any stiff swelling (Fig. 9B, trigger position: IV) . Consequently, triggering is obtained by a long floral tube that forces pollinators to maximally insert their mouthparts to reach the nectar, thereby deflecting the trigger appendage with their heads (see Kennedy, 2000) . However, this opens the pathway for nectar robbers in the case of a proboscis that is longer than the tube, with the potential advantage of maximizing nectar intake. The absence of a direct contact between pol-FLORAL SYNORGANIZATION IN MARANTACEAE 315 linator head and flower would avoid encounters with hunting insects sitting on the flower, but also prevent trigger release. We thus assume a co-evolution towards long tubes and long insect proboscises in Calathea, similar to the example of the long-tubed irises and long-tongued flies from southern Africa (Pauw, Stofberg & Waterman, 2008) . Indications from field observations include the correlated variation in floral tube length and insect pollinator proboscis length across the distribution area of the species Calathea crotalifera S.Watson (Kennedy, 2000) .
Based on the functional interpretation of the stiff swelling as a counteracting part to the trigger appendage, plus the absence of observations of nectar distal to the stiff swelling, Kunze's (1984) hypothesis that the stiff swelling forms a secondary nectar cave between distal and proximal stiff swelling and is thus distal to the trigger appendage is rejected. Instead, the proximal stiff swelling might serve to retain the nectar in the floral tube as it almost entirely closes the proximal part of the tube (e.g. see Appendix Fig. A1 IC) .
FROM DIFFERENTIAL POLLEN DEPOSITION TO MECHANICAL ISOLATION
Mechanical isolation is a prezygotic isolation mechanism enhancing speciation by reducing pollen flow between species (Grant, 1994; Rieseberg, Church & Morjan, 2004) . According to Grant (1994) , mechanical isolation occurs in two forms: The 'Salvia type' operates when flowers of sister species are adapted to different groups of pollinators (e.g. bees and birds), whereas in the 'Pedicularis type', two species share the same pollinator, but transfer pollen onto different sites on the body of the pollinator. In Marantaceae, both types of mechanical isolation are present. The first type has been shown in the African species in which closely related, sympatric and co-flowering species are pollinated by different pollinators . The second type has been discussed by Kennedy (2000) , who observed pollen deposition either on the proboscis or into the proboscidial fossae underneath the head in selected American Marantaceae. However, without considering the phylogenetic context, mechanical isolation cannot be interpreted as a force triggering speciation.
Here, we found further evidence for the existence of the 'Pedicularis type' in Marantaceae. The position of pollen placement on the pollinator largely depends on the relative proportions of the fleshy staminode, style and hooded staminode, plus the position of the trigger appendage, swellings and pollen plate (Fig. 9) . Different sites of pollen deposition may result in reproductive isolation among sympatric species. Considering the phylogenetic relationships among African species (Ley & Claßen-Bockhoff, 2011a, b) and our current knowledge on pollination (Ley & Claßen-Bockhoff, 2009 , 2011a and floral morphology, at least two cases of possible mechanical isolation of the 'Pedicularis type' can be identified (Fig. 2) Pollen in the first taxon is always deposited underneath the head and, in the second, onto the mouthparts (see Table 3 ). Although the distance between the two postulated sites of pollen deposition is minute (a few millimetres), it might prevent pollen flow (see Armbruster, Edwards & Debevec, 1994) . Further examples of possible mechanical isolation may be found in Maranta (Kennedy, 2000) and Ctenanthe, as floral morphology indicates the potential for differential pollen deposition (Table 3 ) (see Fig. 2 ), but more detailed morphological and phylogenetic data are needed to confirm this. The three American genera Calathea G.Mey. and Ctenanthe/Stromanthe, with differential pollen deposition onto either the ventral or the dorsal side of the pollinator (Kennedy, 2000) , are not sister taxa (see Fig. 2 ) and thus not examples for mechanical isolation.
FROM ALLOGAMY TO AUTOGAMY
Autogamy is usually avoided in Marantaceae by spatial separation (herkogamy) of floral parts (no fruit set in allogamous species after bagging, see Ley, 2008) and, indeed, herkogamy was also confirmed in the present study. However, the comparison of four autogamous species with their allogamous relatives revealed that minute morphological modifications may cause a loss of spatial separation, and thus the shift towards self-pollination. This appears to have occurred several times independently in Marantaceae (Fig. 2) .
Two different modes of self-pollination were identified. In Pleiostachya pruinosa and Maranta noctiflora, only the style head and hooded staminode are involved in the process of selfing, whereas in Halopegia azurea and Marantochloa leucantha selfing is based on the self-triggering of the style and the subsequent interaction with the fleshy staminode. Selftriggering of the style is an essential trait for the autogamy found in the four species tested (see also Ley, 2008) , and can also be found in the autogamous species Thalia geniculata (Claßen-Bockhoff, 1991) .
The mechanism behind self-release of the trigger mechanism is still unknown. The different modes of self-pollination are equally effective in the four autogamous species as a 100% pollen transfer was documented in all cases. Fruit set, however, was surprisingly low. The reason might be a reduced acceptance of self-pollen, as postulated in the hypotheses of bet hedging and resource limitation (Sutherland, 1986; Horvitz & Schemske, 1988) .
CONCLUSIONS
This study reveals that the considerable structural diversity in the flowers of Marantaceae only allows successful pollination if the functional unit for the explosive pollination mechanism is maintained. Maintenance of the mechanism is predominantly realized by synorganization, i.e. variation of parts in a coordinated manner. Marantaceae thus illustrate that even complex structures, which presumably experience strong functional constraints against any morphological deviation, continue to vary. The study shows that minute changes in floral synorganization may allow for shifts in the breeding system or lead to mechanical isolation, which may finally influence speciation. Figure A2 . Floral synorganization in the Calathea clade. I, Haumania danckelmaniana, the distance between the style head and the tip of the trigger appendage is particularly short (A, B: arrow). Note the lateral shift of the style because of the lateral swelling (ls) of the hooded staminode (C). The floral entrance is completely closed by the surrounding lobes of the fleshy staminode (D). II, Pleiostachya pruinosa, the trigger tip is rounded as in C. lutea and C. warscewiczii. Note the space behind the pollen plate where pollen grains can be squeezed upwards and consequently arrive above the stigmatic cavity (arrow). III, Calathea picturata, the trigger appendage stands upright and is thin and pointed (A, B). This is representative for the remaining species investigated in the Calathea clade. Note the lateral position of the style in the untriggered flower because of the lateral swelling of the hooded staminode (C: ls). Scale bars, 1 mm. Figure A3 . Floral synorganization in the Donax clade. I, Thalia dealbata, note the large stigmatic lobe (A, B: white arrow), the large distal ridges around the pollen plate (A, C: black arrows) and the two parallel, soft, tentacle-like (filiform) appendages (ta) of the hooded staminode. II, Donax canniformis, note the prominent base of the style head (A, B: black arrow) and the pubescence of the proximal stiff swelling (C, D: pss). Scale bars, 1 mm. Figure A4 . Floral synorganization in the Maranta clade. I, Maranta arundinacea, the base of the style head is extremely pronounced (A: arrow). II, Maranta leuconeura, note the pronounced stigmatic lobe (C: arrow) and the hairs along the pss narrowing the floral tube. The surrounding lobes of the fleshy staminode are highly conspicuous (D: sl). III, Maranta noctiflora, note the tunnel across the rim of the stigmatic cavity through which pollen grains can squeeze into the stigmatic cavity (A: arrow). There is a lateral space along the style because of a torsion in the floral tube (C: sp.). Stigmatic lobes are readily distinguished (I-III). IV, Stromanthe tonckat, the proximal stiff swelling of the fleshy staminode is highly prominent (C). V, Halopegia azurea, the pollen plate is of a triangular shape (B). The stigmatic cavity is completely covered by the frontal lobe and the trigger appendage is positioned rather proximally opposite to the pss (C, D). Scale bars, 1 mm. 
